Clin Invest Med 2010; 33 (3): E174-E180.
in G-BMMNC animals was significantly increased in comparison with the G-PBMNC and BMMNC groups (16.93±0.70 vs. 11.83±0.98 and 12.32±0.96, respectively, P<0.05). Conclusion: A combination of G-CSF stimulation and autologous transplantation of bone marrow stem cells synergistically improved neovascularization and angiogenesis in ischemic limb tissues in diabetic rabbits.
One devastating complication of diabetes is peripheral arterial occlusive disease, including critical limb ischemia, which frequently leads to infection and even amputation. [1] [2] [3] Given the poor prognosis associated with lower limb ischemia in diabetic patients, numerous interventions have been attempted, primarily based on the stimulation of angiogenesis to trigger the formation of collateral blood vessels. [1] [2] [3] [4] [5] [6] [7] Stem cell transplantation-based therapy is a novel and attractive potential treatment strategy for diabetic patients with limb ischemia. It is based on the rationale that delivery of endothelial progenitor cells into areas of ischemia may result not only in differentiation of the progenitors into endothelium, thereby contributing to angiogenesis, 8, 9 but also produce numerous growth fac-tors that can stimulate angiogenesis via paracrine interactions with adjacent cells. 2, 10, 11 Several clinical studies have suggested that the lower limb ischemia in diabetic patients could be improved by autologous transplantation of either bone marrow mononuclear cells (BMMNC) or granulocyte colony-stimulating factor (G-CSF) mobilized peripheral blood mononuclear cells (G-PBMNC). [4] [5] [6] [7] [11] [12] [13] However, a proportion of these patients do not mobilize sufficient progenitors into the blood stream to produce adequate PBMNCs to allow for successful autologous transplantation. 14, 15 To develop a more effective approach, we evaluated the efficacy of autologous transplantation of G-CSF-stimulated bone marrow mononuclear cells (G-BMMNC) to treat diabetic lower limb ischemia in an alloxanate-(AXL) induced diabetic rabbit model.
Materials and Methods

Experimental diabetic model
All animals were treated humanely, and all procedures in the present study were conducted in accordance with institutional protocols and guidelines approved by the Hebei Medical University of China. New Zealand white rabbits (2-3 kg) were obtained from the animal facility of Hebei Medical University. Anesthesia was induced with pentobarbital (30 mg/kg of body weight) intravenously via a standard procedure similar to that used for humans. All surgical procedures were performed by physicians at the Third Hospital of Hebei Medical University in accordance with the standards for hospital operations on humans.
The diabetic rabbit model was produced as reported previously, with minor modifications. 16 Two doses of 5% alloxan monohydrate (Sigma, St Louis, MO), dissolved in PBS buffer, were administered intravenously to healthy rabbits . The first injection was done at a dosage of 80 mg/kg, and second injection was given 24 hours later at a dosage of 120 mg/kg. Blood glucose levels were measured 14 days after ALX injection and diabetes was confirmed when fasting blood glucose levels were >16 mmol/L. Doubling the dose of ALX proved to be a safe, fast, economic and reliable way to create diabetic rabbit model, with more than 80% model success and a lower mortality than with previously published techniques.
Lower limb ischemic model
The lower limb model was created in diabetic rabbits (n=50) 14 days after ALX injection as described previously. 17, 18 Briefly, animals were pre-anesthetized and a skin incision was made in the right side of posterior limb. The femoral artery was then ligated and the distal portion and all the side branches were dissected free and excised. The left hindlimb was kept intact as an experimental control. After the establishment of ischemic lower limb model, the diabetic animals were randomized into five groups (10 rabbits per group) as follows. In the G-PBMNC group, diabetic animals were injected subcutaneously with G-CSF (10 µg/kg) daily for five consecutive days. On day six, peripheral blood was collected and mononuclear cells (PBMNCs) were separated and injected into the quadriceps and adductor muscles in the ischemic limbs, along the excised artery at 10 points; each point was injected with 5X10 6 PBMNCs in a 100 µL of PBS. Group G-BMMNC was stimulated with G-CSF for five days. Bone marrow (5 ml) was collected on the sixth day and mononuclear cells (BMMNCs) were separated and injected into the muscles in the ischemic limb in the same way as the G-PBMNC group, with each point injected with 5X10 6 BMMNCs. Group BMMNC animals were not stimulated subcutaneously by G-CSF. On the sixth day, 10 mL of bone marrow were drawn and BMMNCs d injected into the muscles of the ischemic limbs as described for the G-PBMNC group. In the G-CSF group, animals were stimulated G-CSF but had no additional treatment. For the control (PBS treated) group, animals were not stimulated by G-CSF, but 100 µL of Meng et al. Stimulated BM cells in diabetic limb ischemia PBS was injected into the muscles of the ischemic limbs.
Blood flow measurements
Blood flow in the popliteal artery of ischemic limbs was measured at rest using an Aspen Advanced Doppler ultrasound device (Acuson, Siemens Medical Solutions, Mountain View, CA, USA) two weeks after transplantation. The blood flow recovery in the ischemic limbs were estimated by the ratio of blood flow in the affected limb in comparison with that in the normal left hindlimb. Data from three separate measurements for each rabbit in all groups were used for statistical analyses.
Tissue sampling and immunohistochemistry
The rabbits were anesthetized as before with pentobarbital 28 days after surgery, and adductor muscle was dissected, fixed with 4% paraformadelhyde and embedded in paraffin in a standard protocol. Histological tissue sections (5 µm thick) were used for immunohistochemical analysis and were prepared using the three-step avidin-biotin immunoperoxidase method. The following markers were used: anti-von Willebrand factor (vWF) (NCSTAR Corporation, Stillwater, MN, USA) and anti-vascular endothelial cell growth factor (VEGF) (R&D Systems, Minneapolis, MN, USA).
Quantification of microvessel density
Microvessel density was determined by immunostaining against vWF and appropriate morphology. 19, 20 The number of capillaries in ischemic limb muscles was counted by the same observer blinded to the treatment regimen. A total of five fields of a 200X objective from each tissue section were randomly selected, and the number of vWF-positive stained vessel endothelial cells or cell clusters was counted for each field. The mean of three different tissue samples from each animal was used as the average for each animal. The means for all 10 animals in each group were used to measure the final average capillary density and for statistical analyses.
Quanification of VEGF expression
Immunostained slides against VEGF antibody were visualized with a standard light and captured with a color image. Color images were then converted to grey-scale images and enhanced with the median filter. The interval of grey shades, corresponding to the reaction, was then defined and the area occupied by the reaction was calculated. The threshold operation converted foreground pixels into black color, while background pixels into white color. Thus the binary image represented the analyzed reaction. The area of VEGF positive reaction was estimated by the number of black pixels. The area fraction of VEGF positive reaction was determined as the percentage of black pixels in the binary image. For each slide, 5 fields of a 200X objective were randomly chosen for the above image analysis. The mean of three different tissue samples from each animal was used as the average for this animal. The means for all 10 animals in each group were used to the measure the final average VEGF expression level for statistical analyses.
Statistical Analyses
Data were presented as mean ± SD. The data were analyzed by one-way analysis of variance (ANOVA) followed by Student-Newman-Keuls test. The statistical difference between two groups was determined by using two-sample t-test. All statistical analyses were carried out using SPSS 11.5, except for t-test, which was performed using Excel. The significance level was set at P <0.05.
Results
Assessment of necrosis in ischemia limbs
To evaluate the efficacy of treatment by G-CSF stimulated bone marrow MNCs transplantation, the inci- dence of necrosis of the ischemic lower limbs was first determined (Figure 1 ). Necrosis was graded on a 3-point scale: necrosis of the foot, necrosis of the toes, or the absence of necrosis. In control PBS-injected animals, 60% animals showed limb necrosis 20 days after femoral ligation, and half of these animals (25% of control group) had necrosis of the foot. G-CSF treatment decreased the incidence of necrosis of the foot to 20%. In G-PBMNC and BMMNC groups, the incidence of necrosis on toes was 30% for each group. Only one animal in the G-BMMNC group had toe necrosis and the remaining animals had neither necrosis nor limitation of movement. No deaths were observed after ligation of the proximal end of the femoral artery.
Improvement of blood flow
Two weeks after the transplantation, the blood flow in the popliteal artery of ischemic and normal limbs was assessed using Doppler ultrasound. As shown in 
Microvessel density in ischemic limb tissues
To compare the neovascularization levels of animals in G-BMMNC transplanted group to those in the G-PBMNC or BMMNC groups, microvessel density was determined by the expression level of vWF in adductor muscles in ischemic limbs using immunohistochmistry analysis. As expected (Figure 3 animals. There is no significant difference between these two latter groups; however, the capillary density in diabetic animals in the G-BMMNC group was significantly higher than in either the G-PBMNC or the BMMNC group (47.9±2.51 vs. 36.8±4.16 and 39.6±2.72, respectively, P<0.05).
VEGF expression in ischemic limb muscles
VEGF is an endothelial cell-specific mitogen that is considered to be a critical growth factor in pathological and therapeutic angiogenesis. [21] [22] [23] As summarized in Figure 4 , both G-PBMNC and BMMNC transplanted animals showed increased expression levels of VEGF in comparison with G-CSF alone or control PBS-treated animals. No significant difference was observed between the G-PBMNC and BMMNC groups; however, the expression of VEGF in animals of group G-BMMNC was significantly higher than in the G-PBMNC and BMMNC groups (16.93±0.70 vs 11.83±0.98 and 12.32±0.96, respectively, P<0.05). This suggests that the combination of bone marrow stem cell transplantation and hypodermic injection of G-CSF had a significant synergistic effect in promoting angiogenesis. 
Discussion
Treatment of lower limb ischemia in diabetic patients remains a clinical challenge due to impaired angiogenic response to ischemia. [24] [25] [26] Endothelial progenitor cells (EPCs) have been identified as circulating precursors of adult neovasculogenesis and vascular homeostasis. EPCs usually reside in the bone marrow and are mobilized to the peripheral blood upon stimulation, including tissue ischemia and the local release of cytokines and growth factors. 27, 28 It has been shown that the number of circulating EPCs is greatly reduced in diabetic patients; [24] [25] [26] thus, making peripheral vascular complications more difficult to treat. Peripheral blood mobilized EPCs autologous transplantation has been recently applied in clinical trials in the treatment of critical lower limb ischemia diseases. 13 Unfortunately, up to 30% of patients are unable to mobilize adequate progenitors for successful autologous transplantation. 14, 15 In this study, we showed that transplantation coupled with G-CSF stimulated bone marrow mononuclear cells attenuated the symptoms of necrosis in ischemia limbs of diabetic rabbits. We also demonstrated a significant improvement of blood flow recovery, neovascularization and angiogenesis in G-CSF stimulated bone marrow mononuclear cells transplanted animals as determined by indices of capillary density and VEGF expression in ischemic tissues. Our data strongly suggested that combination of G-CSF stimulation and autologous transplantation of bone marrow stem cells might predispose a more favorable outcome in the treatment for lower limb ischemia symptoms in diabetic patients.
